The presence of iodine within the molecule of thyroid hormone has greatly facilitated physiological studies on the thyroid gland. In a sense the primary function of the thyroid gland is to regulate the intermediary metabolism of iodine; studies on the fate of iodine in the body, then, bear directly on thyroid physiology. Chemical methods for the detection and quantitative determination of iodine have been developed to a high degree of sensitivity and accuracy, and there are few substances that can be measured by chemical means in such small quantities. The use of radioiodine has not only simplified many procedures which would be most difficult by chemical methods, but it has made it possible to carry out studies which could not have been done by any other means.
First described by Fermi in 1934 (1) radioiodine (I128) was first used in physiological studies by Hertz , Roberts, and Evans in 1938 (2). The longer lived isotopes, 1130 and 13, more suitable for physiological and clinical experiments, could be produced in limited quantity in the cyclotron and were used in several centers for fundamental investigations. Extensive applications of radioiodine have been possible since 1946 when 1-31 was made in quantity by the chain-reacting uranium pile.
Evidence for physiological identity of radioiodine and I127 By analogy with the isotopes of other elements it was to be expected that radioactive iodine would not differ chemically or in physiological reaction from ordinary iodine. No single experiment with radioiodine establishes this fact, but many observations are consistent with the chemical identity of the several isotopes; no evidence has yet been brought forward I131 is identical with I127 in chemical and physiological reactions are the observations that: (1) under appropriate conditions exchanges to theoretical equilibrium can be observed between radioiodide and diiodotyrosine and vice versa (3); (2) various radioiodine-labelled compounds can be purified to constant specific activity; (3) when physiological experiments are performed using radioactive and chemical methods for iodine in parallel, good agreement is observed; and (4) administered radioactive iodine appears in diiodotyrosine, thyroxine, and protein-bound iodine.
A question which seems not to have been answered, however, concerns the chemical state of the carrier-free iodine which is used in tracer studies. One wonders whether the equilibria which obtain with chemically detectable concentrations of iodine still hold in solutions of almost infinite dilution, and whether one can safely manipulate solutions of carrier-free I have defined certain in vitro conditions which are favorable for the exchange between the iodine atoms of diiodotyrosine and iodide or iodine. The reaction is rapid in acid solutions and is accelerated by heat and by oxidative environments which would permit the presence of iodine. At physiological hydrogen ion concentrations, little exchange occurs, and reducing agents are strongly inhibitory. Evidence against the occurrence of simple exchange in vivo, as well as against it taking place during the usual in vitro fractionation procedures on thyroid tissue, has been provided by the experiments of Morton and Chaikoff (5) . They showed that although radioiodine was incorporated into diiodotyrosine and thyroxine by surviving thyroid slices, little or no radioiodine entered these compounds when homogenized thyroid tissue was used.
Absorption, distribution, and excretion of iodide ion It is usually assumed that iodide ion resembles chloride ion in the rate and extent of its absorption from the intestinal tract and in its distribution in the body fluids. It appears to remain in the extracellular space and to be distributed in the body in a manner which is very similar to chloride and thiocyanate (6) . Apparently iodide ion is handled somewhat differently from chloride by the gastric mucosa and the kidney, and, of course, the difference is striking in the case of the thyroid gland. Davenport (7) found that iodide is selectively excreted by the stomach provided the blood concentration is low. As the normal concentration is very low, one would have anticipated that tracer doses of I131 would be selectively excreted into the stomach. This has proved to be the case (8) , and it is a common observation that shortly after the administration of radioiodine a significantly higher concentration is detectable in the stomach than in other sites, excepting the thyroid and the urine. Marinelli and Hill (9) have calculated that when large doses of 1"81 are given for the treatment of thyroid tumors, the gastric mucosa receives a large dosage of radiation, even when the radioiodine is given intravenously. A temporary decrease in both gastric and salivary secretion has been noted under these circumstances (10) . The kidney, at least in some species, excretes iodide more rapidly than chloride or bromide, and the rate of excretion has been observed to be hastened somewhat by the administration of increased amounts of chloride. This has been strikingly demonstrated recently in the dog. Riggs (11) observed that this species 'excreted iodide very slowly but that the rate of excretion was greatly enhanced by large amounts of either bromide or chloride, and even by large amounts of iodide.
The renal excretion of a tracer dose of 11"1 in man has been extensively investigated. When a large quantity of iodide labelled with radioiodine is given, virtually all of it can be recovered in the urine within a few days. With small doses or tracer amounts only a fraction appears in the *urine, a varying proportion entering the thyroid in firm combination with protein. Hamilton and Soley (12) found that 53 to 81 per cent of a 14 mg. dose was excreted in the urine by normal persons in 24 hours, while a larger fraction was excreted at a somewhat slower rate by individuals with myxedema. Hertz, Roberts, and Salter (13) found that less radioiodine appeared in the urine in cases of hyperthyroidism, a larger proportion being held in the thyroid gland. Again large doses of carrier favored the excretion of a larger proportion of the administered radioiodine. When 2 mg. of carrier or less was used in 11 thyrotoxic individuals, only 10 to 56 per cent of the dose could be recovered in the urine. It developed, therefore, that the proportion of a small dose or a tracer dose of iodine excreted in the urine bore an inverse relation to that taken into the thyroid gland. Several workers have used this phenomenon to study thyroid function in man in preference to direct measurements on the thyroid gland (see below).
Iodide ion can also be detected in other body secretions including saliva, tears, sweat, and milk, and it enters serous effusions and the cerebrospinal fluid (14) . Radioiodine has not been used extensively to check these observations, but it can readily be detected in the saliva after it is given by mouth or by injection (8) , and it has been found to enter the cerebrospinal fluid slowly. Concentration of iodide ion by the thyroid Earlier work with 1127 showed clearly that the thyroid is capable of accumulating iodine at a rapid rate and that this iodine is quickly bound to protein (15) . Tracer studies with radioiodine have established that two steps are involved in this process: (1) The accumulation of iodide ion, and (2) the organic binding of iodine. It has long been known that a small amount of inorganic iodide can be detected in the normal thyroid gland and that considerable amounts may be found after iodine therapy. Large amounts of inorganic iodide are concentrated in the thyroid in hyperthyroidism after the administration of therapeutic quantities of potassium iodide (16) . Lein (17) demonstrated in rabbits, given 35 ,ug. of iodide labelled with radioiodine, a prompt accumulation of inorganic iodide followed by a slow accumulation of iodine in a protein-bound form. A still clearer demonstration of the two separate mechanisms involved in iodine collection by the thyroid was given by (18) . It was observed that while sulfonamides inhibited the incorporation of Il31 into diiodotyrosine and thyroxine by tissue slices in vitro, these compounds did not prevent the accumulation of the 11"1 by the slices. McGinty (19) found in rats that, though the organic binding of iodine is completely inhibited by thiouracil feeding, the quantity of iodine in the thyroid gland can be increased by adding potassium iodide to the diet. This iodine, however, was not precipitable with protein and, therefore, presumably still in an inorganic form. It was also noted (20) that the thyroids of rats depleted of iodine by thiouracil treatment would rapidly accumulate iodine if a relatively large dose of ordinary iodide were injected; this freshly accumulated iodine was found to be unattached to protein. Further studies on the iodide ion-concentrating mechanism were greatly facilitated by the finding that it is specifically inhibited by thiocyanate.
It had been noted by Barker (21) that potassium thiocyanate could give rise to goiter and signs of myxedema in man, and it was later found to be goitrogenic in rats (22) . However, thiocyanate differed from antithyroid compounds in that its goitrogenic effect could be abolished by increasing the iodide intake. Franklin, Chaikoff, and Lerner (23, 24) , using radioiodine, and VanderLaan and Bissell (25) Figure 1 .
In addition to thiocyanate ion, cyanide and sulfide ions were found by Schachner, Franklin, and Chaikoff (27) to inhibit iodine uptake by thyroid slices in vitro. Neither azide, sulfanilamide (27) , methylcyanide, or thiourea derivatives (23) inhibited the incorporation of the radioiodine into diiodotyrosine and thyroxine.
In the intact animal thiocyanate is the only agent which has thus far been found to inhibit the iodide-concentrating mechanism. Bromide is without effect even when given in large amounts to rat (26) or to man (29) . Potassium cyanide, in the small doses tolerated, was ineffective in rats (30) .
Quantitative studies in the rat showed that the thyroid/blood iodide ratio averaged 25 (31) found the ratio to be unchanged when 2 jug. or 100 jug. of iodide were given to adult rats. VanderLaan and VanderLaan (26) gave increasing doses of carrier labelled with J13-to young rats. No change in the iodide gradient resulted from doses up to 100 &ug. of potassium iodide; 300 ,ug. reduced the ratio to half, and 1000 pg.
to less than 1/10 the control ratio. The concentrating mechanism could not be completely saturated, however, and even when 10 mg. were given, the thyroid held more iodide than an equal volume of serum.
Organic binding and hormone synthesis
Iodine compounds in the thyroid. Harington has stated that all the organic iodine in the thyroid can be accounted for in two compounds, diiodotyrosine and thyroxine, basing this conclusion on the results of a series of fractionations of the iodine compounds after alkaline hydrolysis of thyroid gland tissue in progressively stronger alkali (35) . These compounds are believed to be present in the gland in peptide linkage as part of a large protein molecule, thyroglobulin, and are neither dialyzable nor directly extractable with butyl alcohol. It has recently been found that a small amount of free thyroxine can be extracted from the rat thyroid gland (36) .
About 25 to 30 per cent of the organic iodine in the gland is believed to be in the thyroxine fraction, and in a study of 11 different vertebrates (37) , the values were remarkably constant, ranging from 24 to 32 per cent.
If the recent claims of Fink and Fink (38) are correct, however, a radical revision of Harington's thesis would be necessary. Hydrolysis products of thyroid tissue after I181 administration were studied by paper partition chromatography. Initially, several radioactive spots were noted which could not be attributed to the known iodine compounds of the thyroid (39) , and more recently, both in man and in the rat, the radioactivity in a spot on the paper chromatogram, identified as being due to monoiodotyrosine, was found to be % to % as intense as that of the diiodotyrosine spot (38) .
The iodination mechanism, by which the peptide-linked tyrosyl radicals are iodinated, is but poorly understood. It is likely that the iodide ion which has entered the gland, and presumably the follicular cell, must be oxidized to I2 or to IOfor the iodination to proceed; an oxidative mechanism capable of effecting this step must be sought. A peroxidase enzyme would be a logical possibility, as it would meet the requirements of the high potential involved in the oxidation process. Histochemical evidence of peroxidase activity within the parenchymal cells has been offered by Dempsey (40) , challenged by Glock (41) , and supported by de Robertis and Grasso (42) . It is an attractive hypothesis that H202 catalyzed by peroxidase converts I-to I2, But the presence of H202 has yet to be shown, and for that matter, I2 or IO-exists in the cell in theory only, or at any rate, has never been chemically identified. The actual persistence of iodine in a tissue cell in either of these forms is highly unlikely, and the transition from iodide through an oxidized form to its incorporation in the benzene ring of tyrosine may occur almost as a single step. In a study of the kinetics of the in vitro iodination of tyrosine, Li (43) concluded that, after entrance of the first iodine atom, the second combines immediately. If this process simulates the events in the thyroid gland, the presence of the large amounts of monoiodotyrosine reported by Fink and Fink (38) would be difficult to understand.
Conjugation. A number of facts lend support to the theory proposed by Harington and Barger (44) that diiodotyrosine is the precursor of thyroxine in the thyroid gland. Diiodotyrosine incubated at slightly alkaline pH will be partially converted to thyroxine (45) ; the iodination of casein gives a high yield of diiodotyrosine and later, after incubation, large amounts of thyroxine can be isolated (46, 47) . Observations on the changes with time of the relative specific activities of thyroxine and diiodotyrosine in animals injected with radioactive iodine have yielded results consistent with formulae predicting the relationship of the activities of a substance and its precursor (48) .
The formation of thyroxine is thought to occur as the result of the oxidative coupling of two molecules of diiodotyrosine with the elimination of one side chain. The oxidative conditions required for this coupling could potentially be provided by iodine or hypoiodite, or perhaps by whatever mechanism produces the oxidation of iodide. It has been pointed out (49) that peroxidase could catalyze this oxidative coupling, but whether a specific enzyme is actually concerned with this step is not known.
The rate at which organic binding and coupling goes on depends on the state of activity of the gland, and is accelerated by thyrotropin (50) and exposure to cold (51) , slowed by hypophysectomy (4, 52) , and influenced by the previous iodide level (36) . The rate is also affected by the iodide concentration at any moment (32), as noted below.
An interesting chemical model of the iodination process has been devised by Keston (53) . I181 in iodide form added to unpasteurized milk failed to yield diiodotyrosine or thyroxine to any considerable extent until xanthine was added to the system, after which 67 per cent of the radioactive iodine could be recovered in these compounds. It is presumed that the xanthine oxidase present in milk liberated H202, which either directly, or catalyzed by the peroxidase also present in milk, oxidized the iodide to a more reactive form, which in turn iodinated tyrosyl groups. The enhancing effect of xanthine could be prevented by the addition of thiourea.
Experiments in general demonstrating that the iodination of casein (with elemental iodine) produces diiodotyrosine and thyroxine within the protein make plausible the belief that the process takes place in the thyroid gland at the level of protein molecules. Indeed, diiodotyrosine and thyroxine are formed much more rapidly in vitro when protein is iodinated than when the process is carried out with the free amino acid, tyrosine (45, 48) .
Extra-thyroidal hormone formation has been suggested by several investigators. If radioactively labelled iodide is injected into thyroidectomized rats, small amounts of the iodine can be recovered in the various tissues of the body as diiodotyrosine and thyroxine (54) . The subcutaneous injection of elemental iodine will exert thyroid hormone-like effects (55) and produce considerable iodination of tissue protein (56) , but this represents a highly unphysiological situation. The metamorphosis of thyroidectomized amphibians has been found to be stimulated by iodine (57) , and the metabolic rates and body weights of thyroidectomized rats have been shown to be slightly higher on a diet adequate -in iodine than on an iodine-deficient diet (58) .
The production of cretinism and myxedema by removal of the thyroid, however, would seem to be adequate evidence that if extra-thyroidal production of thyroxine occurs, the quantity falls far below the requirements of the body.
Action of antithyroid compounds. It has been well established by non-radioactive technics that antithyroid compounds of both the thiocarbonamide (thiourea derivatives, etc.) and the aminobenzene (sulfonamides, etc.) types act by inhibiting the formation of thyroid hormone. Numerous studies employing radioactive iodine have confirmed this. Both in tissue slices (18, 23, 28) and in the intact animal (30, 31, (59) (60) (61) (62) , these substances interfere with the organic binding of iodine, but do not inhibit the thyroid's capacity for concentrating iodide ion. When antithyroid compounds are present in effective concentrations, the incorporation of radioactive iodine into diiodotyrosine and thyroxine is prevented. The first step in hormone synthesis, the iodination of tyrosine, must, therefore, be blocked. In the face of this block, it becomes more difficult to determine whether the second step, the conversion of diiodotyrosine to thyroxine, is also affected, and in fact, it is not really known whether antithyroid compounds influence the latter process. Recently Pitt-Rivers (63) has been able to inhibit the in sitro conversion of acetyldiiodotyrosine to acetylthyroxine with a number of antithyroid compounds of both the thiocarbonamide and aminobenzene type (but with amounts of these substances which would probably represent enormous in vivo doses).
It has been observed repeatedly that following a single dose of thiouracil (or one of its relatives), or following a prolonged period of administration as well, the resumption of organic binding occurs within a matter of hours after the drug has been stopped (64, 65) . If the administration has been continued long enough, a diminution of circulating thyroxine will occur, and an excessive output of thyrotropic hormone by the pituitary gland will have resulted (66, 67) . The thyroid gland, under these circumstances, is found to be grossly enlarged, hyperplastic microscopically, and hyperactive as judged by the increased capacity to concentrate radioactive iodide (26) . One experiment (68) has suggested a prolonged suppression of the capacity of the rat thyroid to bind radioiodine after a period of thiouracil administration. The turnover rate could, however, have been so fast that the single determination obtained in 48 hours would not necessarily have been conclusive.
A number of possible explanations have been suggested to account for the inhibition of the organic binding of iodine by antithyroid drugs: (1) Thiouracil immediately reduces I2 in vitro at neutral pH, and probably, in this way, inhibits the iodination of casein (69) . It could conceivably act in the thyroid either by preventing the oxidation of iodide, or by reducing the oxidation product as rapidly as it is formed. (2) Thiouracil is said to suppress the activity of the peroxidase in the follicular cell (40) ; and, thus, if this theory of the oxidation mechanism is correct, might act by inhibiting the catalyst of the oxidation, or by serving as a competitive substrate for peroxidase (70) . (3) It has been suggested that antithyroid compounds might act by inhibiting the cytochromeoxidase system (71) . The failure of antithyroid compounds to depress thyroid tissue respiration (72) , however, makes this possibility remote.
It would seem unlikely, too, that cytochromeoxidase, or any enzyme which is so widely distributed in the body, should catalyze the oxidation of iodide in the thyroid gland, and not catalyze it in all other tissues as well. We do not, however, know to what factor the thyroid owes its remarkable powers for iodinating proteins. Does a specific oxidative enzyme in the thyroid cell endow it with this property, or does it rather contain only the oxidative potentialities of all cells, but gain its special property through a unique permeability to the iodide ion?
Inhibitory effect of iodide. An observation important to the understanding of the influence of iodine upon the function of the thyroid gland is the striking inhibitory effect of a high concentration of iodide upon the process of organic binding. First demonstrated in 1944 by Morton, Chaikoff, and Rosenfeld (73) for sheep tissue slices bathed with a bicarbonate-Ringer's solution containing varying concentrations of labelled iodide, this phenomenon was later more extensively investigated in intact animals by Wolff and Chaikoff (32, 74) . Rats were injected with labelled iodide in doses ranging from 10 to 500 JAg. and the amount of iodine organically bound calculated from the amount of radioactivity measured in the trichloracetic acid-precipitable fraction of the thyroid glands. When correlated with the plasma iodide concentration, it was clearly demonstrated that at plasma values above 20 to 35 jug. per cent the organic binding of iodine practically ceased (Figures 2a and 2b) . This inhibition could be prolonged for 40 hours from a single, large injection in nephrectomized rats (75) .
Recent observations which we have made (76) suggest that, as might have been anticipated, the blocking effect of iodide correlates more directly with the concentration of the ion in the thyroid gland than with the plasma concentration. Evidence for this was obtained from the following findings: (1) The rats used in the experiments of Wolff and Chaikoff (32) ingly high thyroid-serum iodide ratio, probably due to a low dietary iodine intake. Using rats which maintained a lower ratio, we found that considerably greater amounts of iodide were required to cause inhibition of organic binding. (2) If rats injected with a blocking dose of potassium iodide were also given a dose of potassium thiocyanate, which, as indicated earlier, would lower the thyroid-serum ratio, it was found that organic binding could then occur. Under these circumstances, the thyroid iodide concentration had been lowered without changing appreciably the high plasma values.
One is tempted to apply this newer information concerning iodine influence on thyroid function to explain the well-known salutary effect of iodine in Graves' disease. In this condition, when untreated, the gland is enlarged and markedly hyperemic; the parenchymal cells are columnar and tall; the follicles are irregular with many papillary projections into the lumina, which are considerably smaller than normal. The colloid appears decreased in amount, is more liquid than the usual consistency, and the organic iodine concentration of the gland is markedly diminished. Under treatment with iodine (in amounts which are distinctly pharmacological rather than physiological), improvement in clinical signs and symptoms frequently ensues, and local changes occur in the thyroid that might reasonably be described as "involutional." The hyperemia diminishes, the follicular cells become flattened, the follicle is rounded, and its colloid content appears increased. In addition, the organic iodine concentration is greatly increased.
Wolff and Chaikoff (32) have regarded the blocking effect of iodide as a "homeostatic regulator" by means of which "the formation of toxic amounts of thyroid hormone is prevented" and believe further that this mechanism explains in part, at least, the beneficial effect of iodine in Graves' disease. To involve this mechanism alone, would, of course, leave unexplained the fact that the organic iodine content of the thyroid, both in the normal animal and in Graves' disease, increases with iodine therapy. It is interesting to note that the data presented by Chaikoff and co-workers (32, 73) demonstrate, though it is not pointed out by the authors, that below the iodide concentration values necessary for inhibition, the absolute amounts of iodine organically bound increase with increasing amounts of iodide present. This phenomenon has also been observed by us in the rat (76) and by Stanley (77) in man. This point would also be consistent with older observations (33, 78) that the organic iodine content of animal thyroids increases with increasing dietary iodine intake, and that intermittent iodine therapy may increase thyrotoxicity (79) .
The rapid inhibition of organic binding by a large concentration of iodide is perhaps the best single piece of evidence of a direct effect of iodine upon the function of the thyroid gland. Though it may be argued that an action through the inhibition of thyrotropin has not been ruled out, the site of inhibition would, in any case, have been defined. The influence of iodine upon the size, and both gross and microscopic appearance of the thyroid treated with thiouracil (19, 80) , and upon the gland in hyperthyroidism, further suggests a direct effect.
In the reverse situation, in which stimulation of the thyroid occurs as a result of iodine deficiency, it is difficult to know whether the lack of iodine per se acts as a stimulus to the gland, or whether this phenomenon is entirely secondary to increased pituitary stimulation.
Studies using the radioautographic technic were first made on thyroid tissue by Hamilton, Soley, and Eichorn (81) in 1940, in experiments which revealed increased radioactivity in hyperplasia and an absence of activity in the thyroid cancer tissue studied. Subsequent studies have confirmed the idea that information about the formation and storage of organic iodine compounds could be obtained by this method, and refinements in technic (82) (83) (84) (85) (86) (87) 
By use of radioautographs, the accumulation of radioactive iodine has been shown in the stolonic septum in the ascidians, Styela and Ciona, as well as in Amphioxus (88) , in the endostyle of the lamprey larva (89) , in the thyroid of the parrot fish (90) , and in the thyroids of 10 mm. tadpoles (91) and 18-day-old rat embryos (92) .
Leblond and Gross have studied the effects of low-iodine diet and hypophysectomy in rats in this manner (36) . Whereas the autographs of rats previously maintained on 2.0, g. of iodine per day showed the major concentration of radioactivity in the colloid of thyroid glands removed as early as two minutes after the injection of IJm3, those of rats which had been maintained on a 20.0 jug. per day iodine intake, showed the radioactivity chiefly within the follicular cells one hour after injection, but almost entirely in the colloid 24 hours after injection. In hypophysectomized animals, however, despite a low iodine intake, the radioactivity was largely in the follicular cells as late as 24 hours after the Il31 was given. Thus, these three groups showed three distinct rates at which the processes of binding and storage were proceeding. It would seem likely from the photographs reproduced that the iodination of protein took place in the follicular cells, after which it was extruded into the lumina of the acini.
It should be remembered in interpreting these autographs that iodide ion and any dialyzable iodine compounds, would be washed out in the fixing and processing of the tissue sections as generally practiced (93) , and only radioactive iodine compounds in proteins, or attached to proteins, would be influencing the autograph obtained. In this regard, the failure to obtain autographs from thiouracil-treated rats (94) could be a case in point; this occurred despite a considerable uptake of inorganic radioactive iodine by the glands.
Leblond and Gross (36) also point out that their autographs indicate that all thyroid cells are active at all times and that all the cells in any one follicle are functioning to the same degree, although there may be different degrees of activities in different follicles. In general, the center of the rat thyroid gland appears to be more active than the periphery, and the authors have also noted a correlation between activity estimations by the radioautographic technic and those based on staining reactions.
It has always been somewhat difficult to picture the mechanics by which thyroglobulin is secreted into the colloid by the thyroid cell, and then later resorbed and secreted into the blood stream. By an interesting analogy, Leblond and Gross help to make this process seem more reasonable: "It may be helpful for the understanding of the follicle function to remember its entodermal origin and to venture a comparison with the intestinal epithelium, which secretes protein (enzymes) into the lumen in a direction consistent with the histological polarity of its cells, and at the same time resorbs from the lumen smaller molecules resulting from digestion (amino acids -). Similarly, the thyroid epithelium secretes a protein (thyroglobulin) into the follicle lumen and at the same time resorbs smaller molecules, probably thyroxine itself" (36) .
The function of human thyroid nodules has also been studied by radioautographs (95) (96) (97) , at times with concomitant chemical and histological studies, as well as quantitative radioactivity measurements (98, 99) . In the majority of the reported cases, the nodules have been considerably less active than the surrounding thyroid tissue, even in patients with clinical thyrotoxicosis.
Hormone secretion
That the essential molecule of thyroid hormone is thyroxine has been well established since the pioneering work of Kendall (100) and of Harington (44) . Injected in pure crystalline form, it produces metabolic effects which no other known substance can, in comparable amounts, effect. But granting that thyroxine is an essential constituent of the thyroid hormone, some workers have believed that the hormone was a peptide or polypeptide containing this essential compound. Harington, by 1944, (101) was satisfied that the peptide concept was no longer necessary. The concept of thyroxine as the hormone per se has received further support from the work of Taurog and Chaikoff (102) , who showed that almost all the organic iodine in plasma behaves like thyroxine in that it: (1) precipitates with the protein, (2) from which it cannot be dialyzed, (3) but from which it is readily extracted with butyl alcohol, (4) in which it remains after extraction with 4N NaOH -5 per cent Na2CO3. In addition, when a rat has labelled its plasma organic iodine from a previous injection of I181, the radioactivity follows added thyroxine carrier. The carrier thyroxine may be recrystallized to constant specific activity, and the radioactive portion resembles thyroxine in its distribution between two immiscible solvents.
Separations of plasma protein fractions have indicated that the largest portion of the proteinbound iodine is carried by albumin, while the highest concentration is in the alpha-globulin fraction, and the lowest in the gamma globulin (102, 103).
If we accept thyroxine as the thyroid hormone, however, a paradox results from the repeated observations that the effectiveness of fed thyroid extract is greater than can be accounted for by its thyroxine content. This conclusion has been reached by experimenters using a variety of criteria for evaluating the hormonal activity, including the effect on the metabolic rate (104), the suppression of pituitary thyrotropin secretion (105) , and the influence on metamorphosis of amphibia (106) .
"Proteolytic enzyme." How does thyroxine, which is present in the colloid of the thyroid gland as part of the thyroglobulin molecule, reach the blood as free thyroxine? De Robertis (107) has removed colloid from the follicle lumen by microdissection and tested its proteolytic activity on the protein edestin. Proteolysis occurred with an optimal yield at about pH 4, suggesting a cathepsin as the active enzyme in the experiment. The ubiquity and non-specificity of this type of enzyme, however, makes it a somewhat unsatisfying answer to the problem. It is, nonetheless, of considerable interest that pretreatment of the animal with thyrotropin increased the proteolytic activity and that prolonged iodine treatment, and hypophysectomy (108), decreased it. In addition, the enzyme content was found to be elevated in glands from thyrotoxic patients. One wishes that in this work the results of proteolysis without added protein had been presented, since surely there must have been present a sufficient quantity of protein in the form of the natural substrate in the colloid itself.
Protein-bound iodine of the plasma. Taurog and Chaikoff (102), as a result of their finding that the protein-bound iodine is chiefly in the form of thyroxine, have concluded that the thyroid preferentially secretes thyroxine, and that "only a small fraction of the gland's iodine leaves the gland as diiodotyrosine," although perhaps two-thirds of the organic iodine of the thyroid is in the latter form. This assumption is perhaps unnecessary, however, since it has been found repeatedly that diiodotyrosine is rapidly destroyed in the body. Thus, Leblond and Sue (4) when the radioactivity first appears in the proteinbound iodine, it is predominantly in the diiodotyrosine-like fraction; later, it is chiefly in the thyroxine-like component (50) .
Factors influencing the rate of hormone formation and discharge The rate, for a given plasma iodide level, at which thyroid hormone is formed and discharged is a function of the general level of activity of the gland, as is the iodide-concentrating power. That these processes may go on independently of each other is neatly demonstrated when, in the presence of an antithyroid drug, the power to concentrate iodide and discharge hormone is retained while hormone formation is prevented, while with thiocyanate, hormone formation and discharge can occur, although the iodide-concentrating power has been lost. Hypophysectomy greatly depresses all three processes, whereas thyrotropin raises the general level of activity of the gland. ous measurements of radioactivity in the antithyroid-blocked gland and the serum (109) . The rate at which radioactive iodine is incorporated into thyroid organic iodine is markedly hastened by thyrotropin (4, 50) (Figure 3) , as is the rate at which radioactivity appears in the proteinbound iodine (50) . It is well known that injections of thyrotropin rapidly deplete the organic iodine content of the thyroid of animals, indicating that, under the conditions of the experiments, at least, the rate of iodine binding does not initially keep up with the rapid rate of discharge. Using radioiodine, Keating, Rawson, Peacock, and Evans (110) found that thyrotropin accelerated the loss of protein-bound iodine from the thyroid gland ( Figure 4 ). Other changes after thyrotropin, such as the liquefaction of the colloid and the reduction in colloid in the follicles, are consistent with the concept of increased proteolytic activity. Many other factors undoubtedly influence the level of activity of the gland, including the dietary iodine intake and environmental temperature. Leblond et al. (51) found that rats exposed to an environment at 00 C. have a higher radioiodine uptake than rats at 22°to 260 C. (control T0), and by the goiter-prevention method (111) , it can be shown that a greater amount of administered thyroxine is required in a cold, than in a warm environment.
The fate of thyroxine in the body
When radioactive thyroxine, labelled in the 3',5' positions, is injected into rabbits, very little is found in the thyroid, or in the foetus of a pregnant animal, but a considerable amount rapidly appears in the urine, and the iodine content in the bile is 50 times as great as after an equal amount of iodine as iodide ion (112) . dl-Thyroxine, labelled as in the preceding experiment, has been injected into rats and its distribution at two and 24 hours studied in more than 40 organs and tissues (113) . When the dose was 0.8 mg., approximately 25 per cent of the administered thyroxine was destroyed in two hours and 50 per cent in 24 hours, by which time 80 to 95 per cent of the iodine content had been eliminated from the body. The major route of elimination was via the liver and bile, and within 24 hours, 80 per cent of the injected dose was recovered in the feces,.to a large extent as thyroxine. A part of this thyroxine came from direct excretion by the gastrointestinal mucosa. About 11 per cent of the iodine was recovered in the urine after this interval as inorganic iodine, while the organic iodine content of the urine was very small. Within two hours of the injection, 50 per cent was found in the gastrointestinal tract (including liver and pancreas), and not more than 2 per cent could be recovered in the entire circulating plasma volume.
These results on the fate of thyroxine in the body apply to large, unphysiological amounts, and much less is known about the normal course of events. After thyroidectomy in rats, it takes three days for the protein-bound iodine to fall to one-third of its initial level (114) , suggesting a much slower rate of loss of thyroxine at physiological levels. However, in an experiment in which rat plasma containing labelled proteinbound iodine was injected intravenously into dogs, it was calculated that the protein-bound iodine was completely replaced every four to seven and one-half hours (115) .
Radioiodine in clinical investigation and diagnosis
Investigations on animals have been facilitated by the use of radioiodine and many studies which could be done with ordinary iodine were rendered much less laborious with tracer technics. In clinical studies, however, tracer methods have made it possible to carry out investigations on thyroid function of a kind which was not possible by other methods. Several different technics have been evolved to estimate the rate of iodine utilization by the thyroid gland, and these have aided in the diagnosis of myxedema and hyperthyroidism, and have furthered the study of simple goiter. These methods have also been applied to the study of factors which influence thyroid function in man such as antithyroid compounds, thiocyanate ion, iodide ion, thyroid administration, thyrotropin, and the ingestion of certain foods.
The urinary excretion of a tracer dose has been used as an indirect measure of thyroid activity by making use of the fact that a proportion of the tracer dose which does not appear in the urine is retained in the thyroid gland. Hamilton and Soley (12) , and later Hertz, Roberts, and Salter (13) , showed that the urinary excretion of radioiodine had diagnostic value. Rawson et al. (116) have shown, by this method, that thiouracil treatment permitted the excretion of the major portion of a tracer dose in the urine, while thyrotoxic patients and one patient with a large hyperplastic non-toxic goiter excreted less than one quarter of the administered radioiodine during 48 hours. Measurements on urinary excretion have also proved useful in determining the amount retained when large doses of radioiodine are used in the investigation and treatment of thyroid tumors (117) (118) (119) and in the treatment of hyperthyroidism with radioiodine (120, 121) .
Despite the difficulties involved, several observers have found the urinary excretion method of considerable value in the diagnosis of hyperand hypothyroidism. Skanse (122) Table I .
A detailed study of the rate of urinary excretion of radioiodine by Keating, Power, Berkson, and Haines (124) has permitted an accurate in- 
where Q is the fraction of the tracer dose excreted in the urine in time t; Qf the total quantity to be excreted; and r, a constant defining the rate of disappearance of radioiodine from the blood. The disappearance rate, r, was computed, then, from the formula, r=log (Qf -Q) t loge or as the slope of the straight line plot of log (Qf-Q) against t. As Qf is the fraction to appear in the urine, 1 -Qf would be the fraction retained in the body. Therefore, the urinary excretion rate becomes:
Qf X r and the rate of disappearance elsewhere, the "collection rate" is:
(1 -Qf) X r.
This last expression is an index of the rate of incorporation of the tracer dose into the thyroid gland ( Figure 5 ). The validity of these concepts was established by similar calculations made by estimating the blood disappearance rate on the basis of actual measurements on blood samples, and by calculations using measurements of the accumulation of radioiodine by the thyroid gland. It was even possible to use the decreasing radioactivity of the thigh as a measure of the disappearance rate.
In individuals with thyrotoxicosis the disappearance rate may be extremely rapid and these calculations then do not so nicely follow mathematical prediction. Presumably, at least two additional factors complicate the picture here: (1) The thyroid collection rate is not uniform because it is the resultant of two rates, the rate of establishment of iodide ion equilibrium and the rate of organic binding, and (2) the significant rate of excretion of iodine-containing compounds by the thyroid gland.
A certain proportion of the radioiodine which fails to appear in the urine cannot be accounted for by the amount which is measured in the thyroid gland. In earlier experiments this "unaccounted for" fraction was very large (13) , due probably to technical difficulties of measurement. Even with refined technics, however, some 10 to 20 per cent of the dose is not accounted for (125) . It would be expected that a certain small fraction of the administered dose would be contained in the intestinal tract, and some of this might be lost in the stools. It is possible that a small fraction would be excreted by the sweat glands. The observations of Keating et al. (124) cited above show that when the turnover of iodine by the thyroid is very rapid, a slow excretion of radioiodine continues for some days after the tracer dose is given. Consequently, another fraction of the "unaccounted for" radioiodine could be that which has been secreted by the thyroid in the form of thyroxine and temporarily stored in body tissue. Direct measurements on the quantity of radioiodine in the thyroid gland are probably more accurate than estimates based on urinary excretion and are far simpler to carry out.
Direct measurements of the collection of iodine by the thyroid gland, using appropriate apparatus, is a more convenient and more versatile method for thyroid studies in man. Methods and detecting devices are constantly being improved, but as yet strictly precise, absolute measurements are not possible. However, for most purposes any one of several currently used technics is satisfactory (125) (126) (127) (128) , and the method of choice depends upon the nature of the study. When it is desired to determine only the total quantity of radioiodine accumulated, a single measurement at 24 to 48 hours after the tracer dose is sufficient; when more detailed information is desired, measurements can be made at frequent intervals. During the early minutes or hours after a tracer dose is given, the radioiodine is distributed throughout the body and provides a diffuse radiation which complicates the measurements on the thyroid gland. The greater the distance between the detector and the gland, the greater is the difficulty of shielding off the radiation from the rest of the body. When this error is minimized by placing the detector as close to the thyroid as possible, errors due to positioning and to size, location, and shape of the thyroid gland become maximal. These considerations imply that when absolute values are desired, measurements must be made at a distance and preferably at a time when the body in general contains little radioiodine. When the observation of rapid changes, occurring soon after the tracer is given, is more important than information on the number of microcuries in the gland, it may be necessary to sacrifice the added accuracy of distance in favor of the simpler shielding problem of closer placement.
Curves depicting the collection of radioiodine by the thyroid gland resemble those obtained by Keating et al. (124) applicable to all individuals. The formulation of Keating et al. provides an approximate description of the pattern seen in most normal persons. In other normal persons and in many abnormal individuals the relationship fails to hold. Another approximation (65) which describes the curve of collection during the first part of its length is the simple relationship Q =GT, where Q is the quantity of radioiodine in the thyroid gland at time T; and G is a rate constant which serves as an index of the rate of uptake. This expression describes the course of uptake quite accurately in normal persons for the first eight or ten hours after the tracer is given. In hyperthyroidism and in certain instances of goiter, when the collection is rapid, deviation from the parabolic curve occurs sooner, and in some instances the curve of uptake bears little resemblance to a parabola. On the other hand, when the rate of collection is slow, the curve of uptake follows the parabolic curve quite closely for as long as 24 hours (Figure 6 ).
This method of expressing the rate of accumulation suffers the disadvantages of: (1) Incomplete description of the whole process, (2) marked and early deviations in certain cases, and, (3) The organic binding of iodine by the thyroid can be completely or very nearly completely inhibited by the administration of effective doses of an antithyroid compound. Mercaptoimidazole has been used for this purpose because of its high activity in man and its prolonged action, and more recently 1-methyl-2-mercaptoimidazole has proved to be convenient because of the small size of the doses that need be given (130) . When radioiodine is administered after the thyroid is fully under the influence of such compounds, it serves to label the iodide ion of the body fluids and the thyroid gland. As far as one can tell, this iodide ion does not enter into any chemical reaction in the body and interpretations are, there- In the diagnosis of hyperthyroidism, tracer studies of the thyroid iodide content have proved to be more reliable than measurements of the total iodine uptake. There is a greater difference between the hyperthyroid gland and the normal gland, and, with the exception of certain hyperplastic non-toxic goiters, there appears to be no overlap of the ranges of normal and hyperthyroid persons. Furthermore, as might have been predicted from the animal experiments cited above, extraneous ordinary iodide has much less influence on the iodide-concentrating mechanism, and doses of potassium iodide up to 10 mg. or more can be given without altering the thyroid radioiodide. The large collection of iodide ion exhibited by the thyroid in hyperthyroidism and by certain non-toxic goiters can be reproduced in normal individuals by the injection of a single, large dose of thyrotropin (109 If further study confirms the finding that a sudden increase in blood iodide inhibits the organic binding of iodine, another and perhaps better method will be provided for measuring the thyroid iodide for diagnostic purposes. In this instance an appropriate dose of carrier iodine would replace the antithyroid compound. For some hours after the administration of 10 mg. or more of labelled potassium iodide, the quantity of radioiodine fixed in the thyroid is very small. However, within an hour or two of such a dose there is a maximal accumulation of iodine which presumably is free iodide ion, as it is readily discharged by a dose of potassium thiocyanate ( Figure 7 ). The quantity of iodide accumulated under these conditions is independent of the dose of carrier iodide within wide limits. One could, therefore, use a constant dose of carrier with the diagnostic radioiodine in a quantity large enough to reduce the proportion that will be organically bound to a very small value and yet not so large as to impose a limit to the concentrating mechanism. Measurements need only to be made until the early maximum is reached, a period of one to three hours. This technic would be essentially that which Hamilton and Soley used in their first experiments in 1940 (126) . The method would have the advantage of simplicity and the time required to carry out the test would be reduced to a minimum. One might anticipate that, though a small fraction of the iodide would be bound, this would be so small in comparison to the quantity concentrated as iodide that it would not seriously interfere with the test.
Antithyroid compounds can readily be studied in normal human beings by making use of the Q = G4T relationship (65) . Frequent determinations over one to two hours following the oral administration of a tracer dose permits one to calculate the value of G and to plot the course of uptake with some assurance. A test dose of compound is then given and a significant deviation from the predicted course of events can with reasonable certainty be ascribed to the antithyroid compound. This method has given useful information on the relative antithyroid activities of several compounds and has led to the development of agents which are many times more effective in man than is thiouracil. Some information can be gained, in this way, on the duration of action as well as on the minimal effective dose.
Foods of possible or potential influence on thyroid function have also been tested in this way (131) . The technic used was the same as that described above, except that a full meal of a single food was given instead of a dose of antithyroid compound. A number of foods, especially vegetables, were found to have slight effects on the rate of radioiodine collection by the thyroid gland, and some, such as turnips, were strongly inhibitory. These studies led to the isolation and characterization of an active antithyroid compound in turnip, a substance which was found to be widely distributed among the plants of the brassica genus (132) .
Thyroid administration has been observed to have no significant effect upon the accumulation of radioiodine by the thyroid gland during the first ten hours following a single dose. A large dose was found to be definitely inhibitory by 24 hours (133), however, and prolonged treatment in normal individuals virtually abolished the uptake of radioiodine (109, 129) .
Thyrotropin was likewise without detectable effect until some eight to 14 hours had elapsed after a single injection. Then a marked increase in the rate of uptake was noted and this lasted for several days (Figure 3) . The negligible uptake resulting from prolonged administration of thyroid could be restored to normal by an injection of thyrotropin (109) . Means (134) , writing in 1948, has stated, in reference to the use of radioactive iodine in the field of research, that he had "at the time of its introduction, predicted that its usefulness in this field would be greater than in that of therapeutics. Now, after an elapse of ten years, it can be said that the usefulness of radioactive iodine in thyroid research has been firmly established." 
